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Donating Units
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Abstract: Bispyrroloheteroles have been synthesized to address
their intrinsic structural, optical and electrochemical properties. The
X-ray crystal structures and calculated natural bond orbital (NBO)
bond orders unambiguously demonstrated the existence of a two
pyrrole-fused five-membered ring with short exocyclic C=C double
bonds and long endocyclic C-C single bonds, supporting that the
bispyrroloheteroles are the rare examples of structurally
characterized hybrid [5]radialenes. The bispyrroloheteroles were
found to act as an electron-donating unit, which would be fascinating
for the rational design of novel charge-transporting and
donor/acceptor photovoltaic materials as well as versatile charge-
transfer complexes.

Introduction

Radialenes are cross-conjugated cyclic molecules in which all
carbon atoms are sp>hybridized in the ring and there are, as
much as possible, exocyclic C=C double bonds.™" After the first
synthesis of [6]radialene by Hopff and Wick in 1961, various
radilanes and their derivatives have intensively been explored
from both experimental and theoretical viewpoints because of
their unique reactivity and electronic properties."* Since new
synthetic approaches make radialenes more accessible,
electron-rich or electron-deficient radialenes have been used as
novel m-donors and m-acceptors for the charge-transfer (CT)
complexes, respectively.®

In recent years, radialenes with fused aromatic rings are also
of interest due to their possible aromaticity and electronic
structures.®®®” Triphenylene 1 and dibenzothiophene 2 are not
basically considered as radialenes owing to the extended
delocalization of the m-electrons in the aromatic sextet (Figure
1).'7On the other hand, the thiophene-fused compound 3, which
is isoelectronic with triphenylene, may certainly be regarded as a
[6]radialene by X-ray structural analysis."® In this regard, the
use of heterole-fused ring system could be an effective means of
creating novel radialene derivatives.”™

In contrast to the rapid development of conventional
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[nlradialenes, hybrid [n]radialenes possessing a heteroatom in
the ring are still limited despite of their attractive electronic
properties."™®'%  Yoshifuji,®®  Brieden,®™ Majoral®? and
Lammertsma® et al. reported phospha-hybrid radialenes, which
were characterized by X-ray structural analysis. Radialene
derivatives of heterole analogues, hybrid [5]radialenes, are
rather elusive.”! Trahanovsky and co-workers described the
generation of furanoradialene (oxa-hybrid [5]radialene) by the
flash vacuum pyrolysis (FVP).*® Other hybrid [5]radialenes have
been synthesized by using heterole-fused ring system, such as
dithienothiophene 4 (Figure 1).°*®! However, to the best of our
knowledge, there is no structural analysis and systematic
evaluation of their basic properties. Herein, we report a
systematic series of bispyrroloheteroles as the rare examples of
structurally characterized hybrid [5]radialenes. The X-ray crystal
analysis and theoretical calculations have been conducted to
assess their nature as hybrid [5]radialenes. The optical and
electrochemical properties have also been examined by UV/vis
absorption and fluorescence spectra and cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) measurements.
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Figure 1. Representative examples of (hetero)arenes and radialenes.

Results and Discussion

Bispyrroloheteroles were synthesized by the route shown in
Scheme 1. 4,4-Dibromo-3,3’-bipyrrole 6 was prepared by
dimerization of 3,4-dibromopyrrole 5" in moderate yield (32%)
as a key intermediate. Then, we attempted double halogen-
lithium exchange of 6. The treatment with almost stoichiometric
amount of ‘BuLi smoothly generated dilithium species of 6, while
a large excess amount (>10 equiv) of "BuLi was necessary for
the corresponding reaction. This result encouraged us to start
the synthesis of bispyrroloheteroles. Treatment of 6 with ‘BuLi
followed by the addition of elemental sulfur provided



bispyrrolothiophene 7 in 32% yield. Bispyrrolophosphole 8 and
bispyrrolosilole 9 were prepared in 20% and 44% yield by similar
manner with dichlorophenylphosphine and
dichlorodiphenylsilane as the electrophiles, respectively. It is
noteworthy that phosphole 8 is the first example of phospha-
hybrid [5]radialene derivative. Phosphole 8 was found to be
rather unstable under ambient atmosphere. To stabilize the
structure, crude 8 was further converted into the gold(l) complex
8-AuCl (48% based on 6). Unfortunately, demetalation of 8-
AuCl with P(NMe;); did not give phosphole 8, probably due to
the high coordination ability derived from its electron-rich nature.
All the new compounds were characterized by 'H and "*C NMR,
high-resolution MS, and FT-IR spectroscopies (Figures S1-S7).
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Scheme 1. Synthesis of 4,4’-dibromo-3,3’-bipyrrole 6 and bispyrroloheteroles
7-9.

Single crystals suitable for X-ray diffraction analysis (Table
S1) were also obtained for 7, 8-AuCl, 9, and 10 (vide infra).['*
These crystal structures unambiguously revealed that
bispyrroloheteroles have a planer tricyclic structure (Figures 2a-
c). In the crystal packing, there are CH---x interactions between
the TIPS moiety and the bispyrroloheterole plane in 7, 8-AuCl,
and 10, whereas that between the phenyl group and the
bispyrroloheterole plane is evident in 9. Thus, such
intermolecular CH- - interactions prevail between the molecules
(Figures S8a-c). The selected bond lengths of these
bispyrroloheteroles are summarized in Table 1. The pyrrolic C,—
C; bond lengths (a/a’and b/b’in Table 1) of 7, 8-AuCl, and 9 are
in the range of 1.363-1.372 A, which are almost comparable to

a typical C=C bond length (1.35 A) in 1,3-butadiene."¥ In
contrast, the C—C bond lengths in heterole moiety (d/d’ and e in
Table 1) are within 1.425-1.467 A, which are quite similar to a
C-C single bond length in 1,3-butadiene (1.47 A)."® Taking into
account that the typical C—C bond length in benzene is 1.40
A" the pyrrolic C,~C;; bonds and the C-C bonds in the heterole
moiety can be regarded as C=C double bonds and C-C single
bonds, respectively. These characteristic structural features,
short exocyclic C=C bonds and long endocyclic C—C bonds,
clearly support that these bispyrroloheteroles are a family of
hybrid [5]radialenes.

Figure 2. X-Ray crystal structures of a) 7, b) 8-AuCl, c) 9, and, d) 10: top view
(left) and side view (right). For 8-AuCl, one of the two independent molecules
in the unsymmetric unit cell is shown. Thermal ellipsoids represent 50%
probability. Solvent molecules and hydrogen atoms are omitted for clarity.

Table 1. Selected bond lengths in crystal structures.

a' ¢Ec¢ a
TIPS™ ~A ° TIPS
bond length / A 7 8-AucCI” 9
a 1.3698(18) 1.370(4) 1.3659(17)



a 1.3710(18) 1.369(4) 1.3695(18)
b 1.3719(18) 1.363(4) 1.3643(18)
b’ 1.3679(19) 1.367(4) 1.3692(18)
c 1.7682(14) 1.804(3) 1.8627(13)
¢ 1.7662(13) 1.793(3) 1.8604(13)
d 1.4248(19) 1.431(4) 1.4490(18)
o 1.4292(18) 1.440(4) 1.4451(18)
e 1.4488(18) 1.457(4) 1.4674(17)

[a] Data of one of the two independent molecules in the unsymmetric unit
cell.

Natural bond orbital (NBO) bond orders provide a measure
of the order of a bond from a calculated wave function." To
further ensure the radialene structures, we calculated the NBO
bond orders of 7-9 as well as of thia-hybrid [5]radialene 4 and
[6]radialene 3 as references (Table 2). The NBO bond orders of
the exocyclic C—C bonds of 7-9 (a and b in Table 2) range from
1.484 to 1.560. These values largely agree with those of thia-
hybrid [5]radialene 4 (a and b in Table 2, 1.589 and 1.544) and
[B]radialene 3 (a in Table 2, 1.555). Thus, these C-C bonds can
be assigned to C=C double bonds. Meanwhile, the NBO bond
orders of endocyclic C—C bonds of 7-9 (d and e in Table 2) are
in the range of 1.064—1.220. Considering the NBO bond orders
of endocyclic C—C bonds of 4 (d and e in Table 2, 1.178 and
1.072) and 3 (d and e in Table 2, 1.176 and 1.066), these
endocyclic C—C bonds can be identified as single bonds. These
NBO bond orders are consistent with the hybrid [5]radialene
structures of the bispyrroloheteroles, which were determined by
the X-ray crystal analysis.

Table 2. NBO bond orders.”

s
E\ /E
Ec 4 S¢ 4 a
/—S dz_\ = J= = =
Tps ™ T N rps S/ijC\S S /ONS
7-9 4 3

NBO bond 7 8 9 4 3
order
a 1.527 1.554 1.526 1.589 1.555
b 1.484 1.511 1.560 1.544
c 1.062 0.917 0.744 1.056
d 1.213 1.218 1.220 1.178 1.176
e 1.091 1.074 1.064 1.072 1.066

[a] Calculated on the optimized structures at B3LYP/6-31G(d,p) level.

The hybrid [5]radialene-type structures of 7-9 are also
supported by computed NICS(0) values at B3LYP/6-31G(d,p)
level (Figure 3).1"® The NICS(0) values of 7 (-5.61 ppm) and 8
(+0.06 ppm) are considerably less negative than those of
thiophene (-13.64 ppm) and phosphole (—4.99 ppm) that
possess 6r-aromatic character. It is noteworthy that the NICS(0)
value of 9 is comparable to non-aromatic silole, indicating that
the pyrrole ring has almost no deshielding effect on central
heterole ring. Therefore, the less negative NICS(0) values of 7
and 8 can be explained by loss of 6m-aromatic character
because of the hybrid [5]radialene-type structure, not by the
local diamagnetic ring current effect of the pyrrole rings.
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Figure 3. GIAO-SCF calculated NICS(0) values at the gravity centers of
central rings.

Then, we examined the reaction of 7 with dimethyl
acetylenedicarboxylate (DMAD) as a typical example to obtain
insight into the reactivities of bispyrroloheteroles. Sha and co-
workers reported the Diels-Alder reaction of N-benzyl analogue
of 7 with DMAD." Contrary to this, heating a solution of 7 and
DMAD in toluene gave Michael-type adduct 10 in 32% yield
(Scheme 2). In general, the reaction of pyrroles and DMAD
affords two kinds of products, Diels-Alder and Michael-type
adducts.""” Pyrroles with bulky substituents such as butyl group
on the nitrogen atom are reacted with DMAD, to give 1:1
Michael-type adducts at the 2-position, whereas the reaction of
less sterically hindered pyrroles, such as N-benzylpyrrole, with
DMAD forms Diels-Alder adducts. In the present case, the
reaction of 7 with DMAD furnished the Michael-type adduct 10
as a sole product probably due to the larger congestion of the
TIPS moieties than the butyl ones. Finally, the structure of 10
was unambiguously confirmed by single crystal X-ray diffraction
analysis (Figure 2d)."¥ It should be pointed out that the short
contact of sulfur atoms (3.48 A) in the packing structure
indicates the intermolecular S-S interaction in the solid state
(Figure S8d).
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Scheme 2. Reaction of 7 with DMAD yielding Michael-type adduct 10.



We measured UV/vis absorption and fluorescence spectra of
7-10 in cyclohexane (Figure 4). The absorption spectra of
bispyrroloheteroles 7-9 are almost identical and exhibit m—r*
transitions at around 260 nm. In the case of thiophene derivative
7, weak absorption is observed at around 300 nm, which
probably reflects the contribution of n—x* transition of the
thiophene ring. The fluorescence spectra of 7-9 display broad
emissions in the blue region (300-400 nm). The fluorescence
maxima of phosphole 8 (370 nm) and silole 9 (362 nm) are red-
shifted relative to that of thiophene 7 (316 nm). In addition, 8 and
9 show comparable fluorescence intensities, which are larger
than 7. Note that the wavelength of the emission maxima is
independent on excitation wavelength. Therefore, the
heteroatoms in 7-9 mainly affect the character of the excited
states rather than the ground state. The absorption spectrum of
8-AuCl is almost the same as that of 8, while the fluorescence is
intensively quenched by gold(l) ion (Figure S9). The absorption
spectrum of 10 is similar to that of 7 in the UV region (< 320 nm).
It is notable that a broad and weak absorption is observed for 10
at around 440 nm, which can be attributed to intramolecular
charge-transfer (ICT) interaction between the electron-donating
bispyrrolothiophene and electron-withdrawing
ethylenedicarboxylate. We measured the absorption spectra of
10 in various solvents and found that 10 reveals
solvatochromism (Figure S10). In addition, the fluorescence
spectrum of 10 shows a broad CT emission at around 510 nm
(Figure S11).
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Figure 4. a) UV/Vis absorption spectra of 7-10 and b) fluorescence spectra of
7-9 in cyclohexane. For the fluorescence measurements, the absorbances at

255 nm were adjusted to be identical (0.1) and the samples were excited at
255 nm under the same excitation condition for accurate intensity comparison.

The electrochemical properties were studied by CV and DPV
in CH,Cl, versus ferrocene/ferrocenium ion (Fc/Fc*) with tetra-
"butylammonium hexafluorophosphate as an electrolyte (Figure
5). While no reduction peak appears for 7-9 at potentials up to —
2.5V, the bispyrroloheteroles exhibit oxidation peaks at 0.29 V
for 7, 0.30 V for 8, and 0.31 V for 9. These oxidation potentials
are similar to those of electron-donating radialene derivatives
that can form CT complexes.®*™ Given that the energy level of
Fc/Fc' is —4.8 eV under vacuum,"® the HOMO energy levels of
7-9 should be located at ca. =5.1 eV under vacuum. The HOMO
levels of 7-9 are in the middle of those of TTF (—4.78 eV) and
perylene (-5.3 eV)," which are typical donor molecules for
conducting CT complexes.?® Furthermore, the HOMO levels of
the electron-donating building blocks for donor-acceptor
copolymers, such as benzodithiophenes and dithioenosiloles (ca.
—5.5 eV), are lower than those of 7-9.%" By contrast, 10 displays
a reversible reduction peak at —1.97 V as well as a reversible
oxidation peak at 0.38 V as the result of introduction of the
electron-accepting ethylenedicarboxylate moiety into the
electron-donating  bispyrrolothiophene. The low oxidation
potentials of 7—10 reflect their electron-rich nature, which would
make it possible to utilize the bispyrroloheteroles as novel x-
donors for charge-transporting and donor/acceptor photovoltaic
materials as well as CT complexes.



EOX
0.31

b)
EO)( J
0.30 .

on Ered
038 -1.97

05 0 0.5 -1 -1.5 2 25 -3
<«—F/V (vs Fc/Fct)

Figure 5. Cyclic voltammograms (black) and DPV curves (gray) of a) 7, b) 8,
c) 9, and d) 10. Redox potentials were determined by DPV. Solvent: CH,Cl,;
scan rate: 0.05 V s™; working electrode: glassy carbon; reference electrode:
Ag/Ag” (0.01 M AgNOs); electrolyte: "Bu;NPFs.

To gain the further insight into the electronic structures of the
bispyrroloheteroles, we performed DFT calculations at B3LYP/6-
31G(d,p) level. The selected molecular orbitals of 7-10 are
illustrated in Figure S12. The HOMO of 7 has a large electron
density on the sulfur atom, indicating largely thiophene-based
electronic structure. The LUMO of 7 is delocalized on the
bipyrrole skeleton, in which the sulfur atom has no electron
density. Consequently, the sulfur atom mainly has an impact on
the HOMO of 7. Since the phosphorus and silicon atoms in 8
and 9 are on the node of the HOMOs, the heteroatoms make
little contribution to the electronic structure of the HOMOs. In
contrast, the LUMOs of 8 and 9 possess large electron densities
on the phenylphosphinic and diphenylsilyl moieties. The
electronic structures of 8 and 9 resemble those of typical
phospholes and siloles.”? The time-dependent DFT (TD-DFT)
calculations qualitatively reproduce the absorption features of
bispyrroloheteroles 7-10 (Table S2). The n—x* transitions of 7-9
exhibit large oscillator strengths (f > 0.2) and comparable
excitation energies (ca. 243 nm). The HOMO-LUMO transition

of 7 displays the higher oscillator strength (f = 0.0085) than
those of 8 and 9 (f = 0.0004 and 0.0018), which is in good
agreement with the weak absorption of 7 at around 300 nm in
cyclohexane. The HOMO and LUMO of 10 are localized on the
bispyrrolothiophene and ethylenedicarboxylate = moieties,
respectively, which rationalizes the appearance of the ICT band
of 10 in the nonpolar solvent.

Conclusions

In summary, we have successfully synthesized a systematic
series of the bispyrroloheteroles via key intermediate
dibromobipyrrole 6 to elucidate their intrinsic structural, optical
and electrochemical properties. The X-ray structural analysis
and calculated NBO bond orders unambiguously demonstrated
the existence of the three fused five-membered rings with short
exocyclic C=C double bonds and long endocyclic C—C single
bonds. Therefore, the bispyrroloheteroles 7-9 are the rare
examples of structurally characterized hybrid [5]radialenes. It
should be emphasized that the phosphole derivative is the first
example of phospha-hybrid [5]radialenes. The electron-donating
bispyrroloheteroles 7-9 are highly promising as novel st-donors
for yielding CT interactions in the corresponding donor/acceptor
complexes. Indeed, the Michael-type adduct 10 obtained from
the reaction of 7 with DMAD displayed a distinct ICT absorption.
Bispyrroloheteroles are a new class of radialenes, which will be
very useful as electron-donating building blocks for charge-
transporting and donor/acceptor photovoltaic materials.

Experimental Section

Instrumentation and Materials: Commercially available solvents and
reagents were used without further purification unless otherwise
mentioned. Silica-gel column chromatography was performed with
UltraPure Silica Gel (230-400 mesh, SiliCycle) unless otherwise noted.
Thin-layer chromatography (TLC) was performed with Silica gel 60 Fzs4
(Merck). UV/Vis/NIR absorption spectra were measured with a Perkin-
Elmer Lambda 900 UV/is/NIR spectrometer. Steady-state fluorescence
spectra were obtained by a HORIBA Nanolog spectrometer. "H and ®cC
NMR spectra were recorded with a JEOL ECX-400P spectrometer
(operating at 395.88 MHz for 'H and 99.54 MHz for '*C) by using the
residual solvent as the internal reference for 'H (CDCls: 6 = 7.26 ppm)
and ®C (CDCls: 8 = 77.16 ppm). *'P NMR spectrum was recorded with a
JEOL EX-400 spectrometer (operating at 161.7 MHz for *'P) by using
trimethylphosphite as the external reference for *'P (5 = 140 ppm). High-
resolution mass spectra (HRMS) were measured on a Thermo Fischer
Scientific EXACTIVE spectrometer. Attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectra were taken with the golden gate
diamond anvil ATR accessory (NICOLET 6700, Thermo scientific), using
typically 64 scans at a resolution of 2 cm™. All samples were placed in
contact with the diamond window using the same mechanical force.
Single-crystal X-ray diffraction analysis data for compounds 7, 8-AuCl, 9,
and 10 were collected at —150 °C on a Rigaku Saturn70 CCD
diffractometer with graphite monochromated Mo-Kj radiation (0.71069 A).
The structures were solved by direct method (SHELXS-2013). Redox
potentials were measured by cyclic voltammetry and differential pulse
voltammetry method on an ALS electrochemical analyzer model 660A.



Synthesis: 3,4-Dibromo-1-triisopropylsilylpyrrole (5)
according to literature.!'"!

was prepared

4,4’-Dibromo-1,1’-bis(triisopropylsilyl)-3,3’-bipyrrole (6):

A 1.55 M solution of "BuLi in "hexane (3.6 mL, 5.5 mmol) was added
dropwise to a solution of dibromopyrrole 5 (1.90 g, 5.0 mmol) in
anhydrous THF (50 mL) at —78 °C under Ar atmosphere. After the
solution was stirred for 15 min, anhydrous CuCl, (672 mg, 5.0 mmol) was
added by one portion. The mixture was stirred for 15 min and then
warmed to room temperature. After the mixture was stirred for 60 min,
the reaction was quenched with saturated NH,Cl aq (50 mL) and the
product was extracted with CH,Cl, (50 mL x3). The combined organic
layer was washed with water and brine, and dried over Na,SO,. After the
solvent was removed, the crude product was purified by silica gel
chromatography using a 1:15 mixture of CH,Cl, and "hexane to give 6 as
a colorless solid (488 mg, 0.81 mmol, 32%). '"H NMR (395.88 MHz,
CDCls, 25 °C): 6=7.20 (d, J = 2.3 Hz, 2H, a-H), 6.78 (d, J = 2.3 Hz, 2H,
a-H), 1.45 (septet, J = 7.7 Hz, 6H, -SiCH(CHs),) and 1.12 (d, J = 7.7 Hz,
36H, -SiCH(CHs),) ppm; *C NMR (99.54 MHz, CDCls, 25 °C): 8 = 123.8,
122.9, 118.0, 98.7, 17.9 and 11.7 ppm. FT-IR (ATR): v = 2944, 2890,
2866, 1482, 1462, 1366, 1251, 1206, 1090, 1015, 993, 970, 920, 903,
883, 779, 694, 659, 578 and 527 cm™'. HRMS (APCI, positive) calcd. for
Ca6H47BraN,Si; [M+H]" 601.1639; found 601.1630. m.p.: 126-128 °C.

2,6-Bis(triisopropylsilyl)-thieno[2,3-c:4,5-c'|dipyrrole (7):

A 1.6 M solution of 'BuLi in "pentane (0.16 mL, 250 pmol) was added
dropwise to a solution of dibromobipyrrole 6 (30 mg, 50 pmol) in
anhydrous THF (5 mL) at =78 °C under Ar atmosphere. The mixture was
stirred for 10 min and then stirred for 15 min at room temperature. After
recooling to —78 °C, S powder (4.0 mg, 125 pmol) was added by one
portion. The mixture was stirred for 10 min and then warmed to room
temperature. After the mixture was stirred for 60 min, the reaction was
quenched with water (5 mL) and the product was extracted with CH,Cl,
(10 mL x3). The combined organic layer was washed with water and
brine, and dried over Na,SO,. After the solvent was removed, the crude
product was purified by silica gel chromatography using a 1:9 mixture of

CH2Cl, and "hexane to give 7 as a colorless solid (7.7 mg, 16 umol, 32%).

Single crystals suitable for X-ray crystallographic analysis were obtained
by vapor diffusion of "hexane into a solution of 7 in CH,Cl,. "H NMR
(395.88 MHz, CDCl3, 25 °C): 6 = 6.92 (d, J = 1.8 Hz, 2H, a-H), 6.67 (d, J
= 1.8 Hz, 2H, a-H), 1.47 (septet, J = 7.8 Hz, 6H, -SiCH(CHj3);) and 1.12
(d, J = 7.8 Hz, 36H, -SiCH(CHs),) ppm; *C NMR (99.54 MHz, CDCls,
25 °C): 6 = 130.4, 123.5, 113.7, 112.9, 18.0 and 11.9 ppm. UV/vis
(cyclohexane): 4 (¢, M™' cm™) = 238 (23000), 265 (13000) and 300(sh)
(1000) nm. Fluorescence (cyclohexane, Aex = 255 nm): Amax = 316 nm.
FT-IR (ATR): v = 2944, 2888, 2865, 1467, 1359, 1259, 1213, 1198, 1067,
1016, 992, 959, 883, 754, 693, 674, 660, 636, 615, 596, 561 and 524
cm™'. HRMS (APCI, positive) calcd. for CasHs7N2SSi; [M+H]™ 475.2993;
found 475.2988. m.p.: 137-139 °C.

2,6-Bis(triisopropylsilyl)-4-phenylphospholo[2,3-c:4,5-c'|dipyrrole (8):

A 1.6 M solution of 'BuLi in "pentane (0.16 mL, 250 pmol) was added
dropwise to a solution of dibromobipyrrole 6 (30 mg, 50 pmol) in
anhydrous THF (5 mL) at =78 °C under Ar atmosphere. The mixture was
stirred for 10 min and then stirred for 15 min at room temperature. After
recooling to —78 °C, PhPCI, (17 uL, 125 ymol) was added by one portion.

The mixture was stirred for 10 min and then warmed to room temperature.

After the mixture was stirred for 60 min, the reaction was quenched with
water (5 mL) and the product was extracted with CH,Cl, (10 mL x3). The
combined organic layer was washed with water and brine, and dried over

Na,SO,. After the solvent was removed, the crude product was purified
by silica gel chromatography using a 1:4 mixture of CH,Cl, and "hexane
to give 8 as a colorless solid (5.6 mg, 10 umol, 20%). 'H NMR (395.88
MHz, CDCls, 25 °C): 6 = 7.45 (t, J = 7.3 Hz, 2H, meta-H), 7.20 (m, 2H,
ortho-H), 7.17 (m, 1H, para-H), 6.87 (d, J = 1.2 Hz, 2H, a-H), 6.81 (d, J =
1.2 Hz, 2H, a-H), 1.45 (septet, J = 7.8 Hz, 6H, -SiCH(CHj3);) and 1.11 (dd,
J =7.8 Hz, J = 6.3 Hz, 36H, -SiCH(CHs),) ppm; "*C NMR (99.54 MHz,
CDCl3, 25 °C): 6 = 130.9, 130.8 (d, J = 19 Hz), 128.8, 128.1 (m), 127.5,
124.5, 124.3, 114.0 (m), 18.0 and 11.9 ppm; *'P NMR (161.7 MHz,
CDCls, 25 °C): § = —42.46 ppm. UV/vis (cyclohexane): A (e, M cm™) =
268 (10000) nm. Fluorescence (cyclohexane, Aex = 255 nm): Amax = 370
nm. FT-IR (ATR): v = 2943, 2889, 2865, 2359, 1468, 1356, 1221, 1189,
1089, 1069, 1014, 994, 918, 883, 779, 692, 662, 589 and 522 cm .
HRMS (APCI, positive) calcd. for CsyHsoN2PSiy; [M+H]™ 551.3401; found
551.3397. m.p.: 123-125 °C.

2,6-Bis(triisopropylsilyl)-4-phenylphospholo[2, 3-c:4,5-c'|dipyrrole AuCl

complex (8-AuCl):

A 1.6 M solution of 'BuLi in "pentane (0.16 mL, 250 pmol) was added
dropwise to a solution of dibromobipyrrole 6 (30 mg, 50 pmol) in
anhydrous THF (5 mL) at =78 °C under Ar atmosphere. The mixture was
stirred for 10 min and then stirred for 15 min at room temperature. After
recooling to —78 °C, PhPCI, (17 uL, 125 ymol) was added by one portion.
The mixture was stirred for 10 min and then warmed to room temperature.
After the mixture was stirred for 60 min, AuCl(SMe;) (60 mg, 200 umol)
was added and the mixture was stirred for a further 10 min. The reaction
was quenched with saturated NH4Cl aqueous solution (5 mL) and the
product was extracted with CH,Cl, (10 mL x3). The combined organic
layer was washed with water and brine, and dried over Na,SO,. After the
solvent was removed, the crude product was purified by silica gel
chromatography using a 1:1 mixture of CH,Cl, and "hexane to give 8-
AuCl as a colorless solid (19 mg, 24 pmol, 48%). Single crystals suitable
for X-ray crystallographic analysis were obtained by vapor diffusion of 2-
propanol into a solution of 8-AuCl in toluene. 'H NMR (395.88 MHz,
CDCl3, 25 °C): 6 = 7.63 (m, 2H, ortho-H), 7.36 (m, 3H, meta-H and para-
H), 6.90 (s, 2H, a-H), 6.81 (s, 2H, a-H), 1.44 (m, 6H, -SiCH(CHj3),) and
1.11 (dd, J = 10.9 Hz, J = 7.8 Hz, 36H, -SiCH(CH:)2) ppm; *C NMR
(99.54 MHz, CDCl3, 25 °C): 6 = 133.8 (d, J = 62 Hz), 132.8 (m), 131.2
(m), 128.8 (m), 128.1 (d, J = 10 Hz), 126.7 (dd, J = 21 Hz, J = 15 Hz),
123.1 (d, J = 85 Hz), 115.4 (dd, J = 14 Hz, J = 8.6 Hz), 17.9 (m) and 11.8
ppm; P NMR (161.7 MHz, CDCls, 25 °C): § = —6.82 ppm. UV/vis
(cyclohexane): A (¢, M™' cm™) = 267 (12000) nm. Fluorescence
(cyclohexane, Aex = 255 nm): Amax = 363 nm. FT-IR (ATR): v = 2945,
2866, 1526, 1464, 1437, 1385, 1362, 1255, 1028, 1185, 1104, 1088,
1064, 1016, 999, 926, 883, 807, 749, 693, 667, 625, 598, 531 and 483
cm™'. HRMS (APCI, positive) calcd. for CaaHsaNoPSi,AuCl [M+H]*
783.2755; found 783.2742. m.p.: 209-211 °C.

2,6-Bis(triisopropylsilyl)-4,4-diphenylsilolo[2,3-c:4,5-c'[dipyrrole (9):

A 1.6 M solution of 'BuLi in "pentane (0.16 mL, 250 pmol) was added
dropwise to a solution of dibromobipyrrole 6 (30 mg, 50 pmol) in
anhydrous THF (5 mL) at =78 °C under Ar atmosphere. The mixture was
stirred for 10 min and then stirred for 15 min at room temperature. After
recooling to =78 °C, Ph,SiCl, (26 pL, 125 pmol) was added. The mixture
was stirred for 10 min and then warmed to room temperature. After the
mixture was stirred for 60 min, the reaction was quenched with water (5
mL) and the product was extracted with CH,Cl, (10 mL x3). The
combined organic layer was washed with water and brine, and dried over
Na,SO,. After the solvent was removed, the crude product was purified
by silica gel chromatography (Wakogel C400) using a 1:5 mixture of
toluene and "hexane to give 9 as a colorless solid (13.7 mg, 22 umol,
44%). Single crystals suitable for X-ray crystallographic analysis were



obtained by vapor diffusion of "octane into a solution of 9 in toluene. 'H
NMR (395.88 MHz, CDCl3, 25 °C): § = 7.68 (m, 4H, meta-H), 7.32 (m, 6H,
ortho-H and para-H), 6.91 (s, 2H, a-H), 6.84 (s, 2H, a-H), 1.47 (septet, J
= 7.2 Hz, 6H, -SiCH(CHj3),) and 1.12 (d, J = 7.2 Hz, 36H, -SiCH(CH5),)
ppm; *C NMR (99.54 MHz, CDCls, 25 °C): § = 136.8, 135.6, 133.0,
129.1, 128.5, 127.7, 1227, 115.0, 18.1 and 12.0 ppm. UV/vis
(cyclohexane): A (¢, M™' cm™) = 261 (10000) nm. Fluorescence
(cyclohexane, Aex = 255 nm): Amax = 362 nm. FT-IR (ATR): v = 3066,
2889, 2864, 1528, 1463, 1428, 1216, 1167, 1113, 1091, 1066, 1016, 992,
926, 882, 795, 734, 694, 664, 620, 587, 532 and 480 cm™'. HRMS (APCI,
positive) calcd. for CagHs7N2Sis [M+H]™ 625.3824; found 625.3815. m.p.:
225-227 °C.

Michael-type addition of 7 with dimethyl acetylenedicarboxylate (10):

A solution of 7 (4.6 mg, 9.7 umol) and dimethyl acetylenedicarboxylate
(5.7 mg, 40 pmol) in toluene (0.5 mL) was stirred at 100 °C under Ar
atmosphere for 12 h. After the solvent was removed, the crude product
was separated by silica gel chromatography using a 1:1 mixture of
CH2Cl, and "hexane to give 10 as a orange solid (1.9 mg, 3.1 umol, 32%).
"H NMR (395.88 MHz, CDCl3, 25 °C): 6 = 6.99 (s, 1H), 6.80 (s, 1H), 6.62
(s, 2H), 3.71 (s, 3H, CHs3), 3.45 (s, 3H, CHj3), 1.44 (septet, J = 7.8 Hz, 3H,
-SiCH(CHg3),), 1.35 (septet, J = 7.8 Hz, 3H, -SiCH(CHs),), 1.14 (d, J =7.8
Hz, 9H, -SiCH(CHs),) and 1.09 (m, 27H, -SiCH(CHs)z) ppm; "*C NMR
(99.54 MHz, CDCls, 25 °C): 6 = 168.0, 153.7, 137.8, 130.5, 129.1, 113.3,
113.1, 53.0, 52.0, 18.5, 18.4, 18.0, 13.4 and 11.9 ppm (There is some
peak overlapping). UVivis (cyclohexane): A (e, M~ cm™) = 241(sh)
(18000), 263 (8300) and 441 (1800) nm. Fluorescence (cyclohexane, Aex
= 420 nm): Amax = 509 nm. FT-IR (ATR): v = 3162, 2947, 2926, 2867,
1731, 1719, 1625, 1465, 1433, 1397, 1264, 1246, 1223, 1208, 1146,
1119, 1071, 1016, 998, 883, 796, 767, 731, 674, 656, 572 and 520 cm™".
HRMS (APCI, positive) calcd. for CsaHssN204SSi; [M+H]™ 617.3259;
found 617.3250. m.p.: 145-147 °C.
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1. High-Resolution MS
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Figure S1. Observed (top) and simulated (bottom) high-resolution APCI-MS of a) 6, b) 7, ¢) 8, d)

8-AuCl, e) 9, and f) 10.
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2. NMR Spectra
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Figure S2. a) '"H and b) "C NMR spectra of 6 at 25 °C in CDCl,. Peaks marked with * are due to

residual solvents.
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Figure S3. a) 'H and b) "C NMR spectra of 7 at 25 °C in CDCl,. Peaks marked with * are due to

residual solvents.
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Figure S4. a) 'H, b) °C, and c) *'P NMR spectra of 8 at 25 °C in CDCl,. Peaks marked with * are due

to residual solvents.
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Figure S6. a) 'H and b) "C NMR spectra of 9 at 25 °C in CDCl,. Peaks marked with * are due to

residual solvents.
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Figure S7. a) 'H and b) "C NMR spectra of 10 at 25 °C in CDCl,. Peaks marked with * are due to

residual solvents.
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3. X-Ray Crystallographic Details

Table S1. Crystal data of 7, 8-AuCl, 9, and 10.

7 8-AuCl 9 10

formula C,sHyN,S51, 2(C3,H5 AuCIN,PSi,):  CygHiN,Sis C;,H5,N,0,55i,
3(GHy)

M, 474.89 1843.02 625.11 616.99
T [K] 123(2) 123(2) 123(2) 123(2)
crystal system monoclinic monoclinic triclinic triclinic
space group P2,/n (No.14) P2,/c (No.14) P-1 (No.2) P-1 (No.2)
a[A] 7.8062(9) 14.5748(10) 8.7570(9) 9.723(17)
b [A] 30.789(4) 21.3661(14) 14.2036(17) 12.41(2)
c[A] 11.6667(12) 28.275(2) 15.8801(16) 15.35(3)
al] 90 90 76.215(3) 100.55(4)
BI°] 96.377(2) 95.5935(12) 78.143(4) 99.971(15)
r[°] 90 90 89.118(5) 90.45(3)
V [A%] 2786.6(5) 8763.3(10) 1876.2(4) 1793(5)
Z 4 4 2 2
Peatca [g cm™] 1.132 1.397 1.107 1.143
F [000] 1040 3768 680 668
crystal size [mm’] 0.50x0.10x0.10 0.40x0.20%0.20 0.50x0.30%0.10 0.50x0.10x0.10
20mux [°] 54.98 54.96 54.98 54.42
reflections collected 22404 70842 15222 12833
independent reflections 6194 20021 8215 7456
parameters 292 919 400 384
R, [I>20(I)] 0.0378 0.0317 0.0338 0.0771
wR, [all data] 0.1052 0.0848 0.1127 0.1737
GOF 1.031 1.039 1.098 1.025
CCDC number 1061791 1061792 1061793 1061794
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Figure S8. Packing structures of a) 7, b) 8-AuCl, ¢) 9, and d) 10. Intermolecular CH--7 interactions

are also shown as green dotted lines.
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4. Optical Properties
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Figure S9. UV /Vis absorption (solid line) and fluorescence spectra (dashed line) of 8 (black) and
8-AuCl (red) in cyclohexane. For the fluorescence measurements, the absorbances at 255 nm were

adjusted to be identical (0.1) and the samples were excited at 255 nm under the same excitation

condition for accurate intensity comparison.
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Figure S10. UV /Vis absorption spectra of 10 in various solvents. Compound 10 reveals negative

solvatochromism, which is similar to that of TTF-based D-m-A molecules.5%?
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Figure S11. UV/Vis absorption (solid line) and fluorescence spectra (dashed line) of 10 in

cyclohexane. Sample was excited at 420 nm. Peak marked with * is due to excitation light.
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5. DFT Calculations
All calculations were carried out using the Gaussian 09 program.*! All structures were fully
optimized without any symmetry restriction. The calculations were performed by the density
functional theory (DFT) method with restricted B3LYP (Becke’s three-parameter hybrid exchange
[54,55]

functionals and the Lee-Yang-Parr correlation functional) level,

6-31G(d,p) for C, H, O, N, Si, P, and S. The NICS values were obtained with the GIAO method at

employing a basis set

the B3LYP/6-31G(d,p) level. Excitation energies and oscillator strengths for the optimized
structures were calculated with the TD-SCF method at the BSLYP/6-31G(d,p) level.
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Figure S12. Selected Kohn-Sham orbitals of bispyrroloheteroles 7-10.
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Table S2. Selected excitation energies and oscillator strengths of 7-10 calculated by the TD-DFT

method.
state excitation energy oscillator excitation weight [%]
[eV] [nm] strength

7
1 4.56 272 0.0085 HOMO - LUMO 68
HOMO-1 —  LUMO+2 13
3 5.06 245 0.4422 HOMO-1  — LUMO 68
HOMO-2  — LUMO 11
5 5.36 231 0.3051 HOMO —  LUMO+2 64
HOMO-1  — LUMO 14

8
1 4.08 304 0.0004 HOMO - LUMO 70
5 4.73 262 0.0252 HOMO —  LUMO+2 55
HOMO —  LUMO+3 39
6 4.84 256 0.0250 HOMO-2  — LUMO 70
8 5.10 243 0.3366 HOMO —  LUMO+3 51

9
1 4.00 310 0.0018 HOMO - LUMO 70
6 4.81 258 0.0324 HOMO-2  — LUMO 70
7 4.84 256 0.0312 HOMO —  LUMO+4 60
10 5.15 241 0.2679 HOMO —  LUMO+5 48
HOMO —  LUMO+4 31

10
1 2.20 564 0.0288 HOMO - LUMO 62
7 4.46 278 0.0110 HOMO —  LUMO+1 63
HOMO-4  — LUMO 16
11 4.83 256 0.2495 HOMO-1 —  LUMO+1 64
HOMO-1 —  LUMO+2 15
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